Introduction
By reviewing the available colorimetric procedures developed for the analysis of the first, second, and third-generation cephalosporins, namely cephradine, cephalexin, cefaclor, cefadroxil, cefprozil, cefixime, cephpodoxime proxetil, ceftazidime pentahydrate, and the sodium salts of cephazolin, cephalothin, cephapirin, cephaloridine, cefotaxime, cefoperazone, and ceftriaxone, one can easily recognize that most of these methods involve the cleavage of the β-lactam moiety of the cephalosporins structure. These methods include spectrophotometric methods, such as a flow-injection analysis after heating with iron(III) and o-phenanthroline, 1 a flow injection analysis after reacting the liberated sulfide with N,Ndiethyl-p-phenylenediamine and iron(III), 2 a reaction with potassium hexacyanoferrate, 3 molybdophosphoric acid, 4 chromotrope 2B and chromotrope 2R, 5 glucitol and sodium hydroxide, 6 NBS and NCS, 7 copper(II) and vanadium, 8 MBTH and 2,6-dichloroquinone-4-chlorimide, 9 oxidation with either iron (III) or cerium(IV), 10 mercurochrome, 11 ferric hydroxamate, 12 tetrachloroquinone, 13 p-benzoquinone and tetrachlorobenzoquinone, 14 ammonium molybdate, 5 ammonium vanadate, 16 sodium nitroprusside, 17 NBD-Cl 18 and tetrazolium salts. 19 The pharmacopoeial methods for analyzing the investigated cephalosporins are either chromatographic methods, 20, 21 which are expensive, or titrimetric methods, 21 which are less sensitive. Meanwhile, most of the other reported methods are lengthy and/or tedious.
A direct chemical analysis based on the reactivity of the intact molecule without its cleavage is not frequently encountered. The methods that are based on charge-transfer complexation are usually rapid and simple to perform. In this respect, we previously described the utility of charge-transfer complexation reactions for the analysis of penicillins [22] [23] [24] as well as some cephalosporins 25 with other acceptors. The present work describes an improved direct simple analytical procedure that can be applied at quality-control laboratories for the analysis of cephalosporins. This analytical procedure was based on the reactivity of an intact molecule without cleavage. The chemical structures of the investigated cephalosporins are given in Table 1 .
Experimental

Apparatus
Shimadzu UV 1601 (Tokyo, Japan) and Spectronic 21D (Tokyo, Japan), UV-visible spectrophotometers, both with 1-cm quartz cells, were used. An infrared spectrometer (IR-470, Shimadzu, Japan) and a cephradine (Sigma Chemical Co., St. Louis, USA), ceftazidime pentahydrate and ceftriaxone sodium (T3A Pharma Group, Assiut, Egypt), cephalexin monohydrate (Arab Drug Co., Cairo, Egypt), cefotaxime sodium (CID, Cairo, Egypt), cefadroxil monohydrate (Amoun Pharmaceutical Industries Co., APIC, Cairo, Egypt), cephpodoxime proxetil, and cephalothin sodium (Hoechst Marion Roussel, S. A. E., Cairo, Egypt), cephaloridine sodium (Eli Lilly & Co., Indianapolis, USA), and cefixime (ElHekma Co., Cairo, Egypt) were obtained and used without purification. 2,5-Dichloro-3,6-dihydroxy-1,4-benzoquinone (pchloranilic acid, p-CA, BDH Chemicals, Poole, UK) 5 mg ml -1 in acetonitrile, was prepared fresh daily. All solvents used were of analytical-reagent grade.
Pharmaceutical formulations
The available commercial dosage forms subjected to the analysis by the proposed procedure are given in Table 2 .
General analytical procedures
Aliquot volumes of standard stock solutions containing 0.04 -12 mg drug were transferred into 10-ml calibrated flasks. One milliliter of the p-CA solution (4 mg ml -1 in acetonitrile) was added, and the reactions were allowed to proceed for 5 min at room temperature (25 ± 5˚C), and then diluted to volume with acetonitrile. The absorbances of the resulting solutions were measured at the wavelength of maximum absorption (520 nm) against reagent blanks treated similarly. 
Analysis of tablets and capsules
Twenty tablets or the contents of 20 capsules of each drug were weighed and powdered or evacuated, and a quantity of the powder equivalent to 100 mg was transferred into a 50-ml calibrated flask, dissolved in 2 ml of methanol, swirled and sonicated for 2 min. The solutions were mixed well by shaking for 15 min, and then completed to volume with acetonitrile. The solutions were filtered; the first portion of the filtrate was rejected. The filtrates were quantitatively diluted with methanol to yield concentrations in the linear range of the assay of each particular drug.
Analysis of vials and suspensions
A quantity of powder equivalent to 100 mg was transferred into a 50-ml calibrated flask, dissolved in 2 ml of methanol, and then manipulated as described under the analysis of tablets and capsules starting from "swirled and sonicated···".
Determination of molar ratio
The Job's method of continuous variation 26 was employed. Master equimolar solutions of drug and p-CA were prepared. The concentrations of these solutions were 4.71 × 10 -3 M (for cefazolin sodium, cefoperazone sodium, ceftazidime pentahydrate, ceftriaxone sodium, cephalothin sodium, cephapirin sodium, cephradine, and cefotaxime sodium), and 4 × 10 -2 M (for cefixime, cefprozil anhydrous, cefaclor, cephalexin, cefadroxil monohydrate, cephaloridine sodium, and cephpodoxime proxetil). A series of 10-ml portions of the master solutions of drug with the p-CA reagent were made up comprising different complementary proportions (0:10, 1:9, ···, 9:1, 10:0) in 10-ml volumetric flasks. After the reactions were allowed to proceed for 5 min at room temperature (25 ± 5˚C), the absorbances of the solutions were measured at 520 nm against reagent blanks.
Preparation of the complexes for infrared measurements
To 2 ml of 0.05 M methanolic drug solution, 2 ml of 0.05 M of CA in acetonitrile was added in a round-bottom flask containing ∼30 ml of acetonitrile and stirred for 30 min. Acetonitrile was evaporated under reduced pressure, and the resulting residues were dried over calcium chloride.
Solutions for 1 H-NMR measurements
A 30 mg quantity of each drug was dissolved in 1 ml of DMSO-d6, and 1 ml containing an equimolar amount of p-CA in the same solvent was added and used directly for 1 H-NMR measurements.
Results and Discussion
Absorption spectra
A chloranilic acid (p-CA) solution in acetonitrile displayed a maximum absorption peak (λmax) at 435 nm, while the investigated cephalosporins showed negligible absorption in the 400 -700 nm region. Mixing the solutions of any of the investigated drugs to a solution of chloranilic acid in acetonitrile resulted in a change of the yellowish-pink color of the p-CA to a purple color. As a consequence, the absorption band of p-CA showed a bathochromic shift, λmax at 520 nm ( Fig. 1 , cephapirin was presented as a representative example). This was attributed to charge-transfer complex formation between the studied drugs and p-CA.
Reaction mechanism
The interaction of any of the investigated compounds with p-CA in polar solvents, such as acetonitrile or methanol, was a charge-transfer complexation reaction between the n-donors cephalosporins and the π-acceptor (p-CA), followed by the formation of a radical anion. Complete electron transfer from the donor to the acceptor moiety took place with the formation of intensely colored radical ions with high molar absorptivity values, according to the following scheme:
Chloranilic acid (p-CA) exists in three ionic forms, the neutral yellow-orange H2A at very low pH, the dark purple HA -which is stable at pH = 3 and a pale violet A 2-, which is stable at high pH; these transformations are illustrated in the following scheme:
H2A
H + + HA -(purple),
Since the reaction product in acetonitrile was purple, we might conclude that HA was the form of p-CA involved in the reaction described herein.
Optimization of reaction conditions
In order to select the most appropriate solvent for optimum reaction development and dilution, different solvents were tested. The results (Table 3) of the maximum absorption peak. The absorption intensities were also influenced. Acetonitrile was used throughout this work because it gave the highest absorbance readings. The results of the p-CA reagent concentration variation indicated that 1 ml of 4 mg ml -1 was optimum. The optimum reaction time was determined by following the color development at room temperature (25 ± 5˚C). Complete color development was attained instantaneously with all the investigated compounds, and the color remained stable for at least a further 24 h. Although the charge-transfer complex was formed instantaneously, constant absorbance readings were obtained after not less than 5 min of standing at room temperature (25 ± 5˚C).
Validation of assay procedures Concentration ranges and linearity.
At fixed optimum experimental conditions, the calibration curves for the investigated drugs with p-CA were constructed. The leastsquares method was used to derive the regression equations for the proposed procedures (Table 4 ). Beer's plots (n = 6) at 520 nm revealed very small intercepts (0.0014 -0.0626) and good linear relationships (correlation coefficients, r = 0.9986 -0.9996) between the absorbance and the drugs concentrations over the range of 4 -1200 µg ml -1 . The linearity of the assay was checked by a t-test for the intercepts and an analysis of the variance of the slopes. Sensitivity and precision. The sensitivity of the proposed method was evaluated by determining the limits of detection (LOD), defined as 3SD of the intercept. The LOD values ranged from 2.54 to 42.83 µg ml -1 in the case of cephapirin sodium and anhydrous cefprozil, respectively. In all of the drugs studied, the mean of six replicate analyses of solutions of the studied cephalosporins within the linear range listed in Table 4 gave coefficient of variations of up to 1.8%. This level of precision of the proposed method is adequate for a qualitycontrol analysis of the studied drugs. Specificity and interference. The proposed procedure was performed in the visible region away from the UV-absorption region of the investigated drugs (228 -300 nm), 27 and the UVabsorbing interfering materials that might be coextracted from dosage forms. Potential interference by reducing sugars in the tablets, or powder for oral suspension was eliminated by extraction with methanol prior to analysis.
However, interference was observed from L-arginine formulated with cephradine in Velosef vials. Therefore, the proposed procedure could not be used for the analysis of cephradine in the presence of L-arginine, except after separation by a suitable separation technique.
Analysis of pharmaceutical formulations
The obtained high-intensity absorption bands and the very low reagent background made this procedure suitable for routine quality-control analyses of the investigated compounds with minimum interference. The proposed and official methods 20 were applied to the determination of the studied drugs in tablets, capsules, suspensions and vials containing different cephalosporins ( Table 2 ). The obtained mean values (±SD) of the labeled amounts ranged from 96.76(±0.87) -100.50(±1.30). In the t-and F-tests, no significant differences were found between the calculated and theoretical values at the 95% confidence limit of both the proposed and official methods (Table 5) ; this indicated similar precision and accuracy.
Stoichiometry of the reaction
Job's method of continuous variation 26 was used for determining the molar ratios of each of the investigated cephalosporins to the analytical reagent p-CA employed in the charge-transfer reaction. These ratios were 1:1 (in case of ceftazidime pentahydrate, cephalexin monohydrate, cefotaxime sodium, cephradine, cephaloridine sodium, and cefoperazone sodium), 1:2 (in case of cephpodoxime proxetil, ceftriaxone sodium, cefadroxil monohydrate, cephalothin sodium, cefixime, cefprozil anhydrous, cefazolin sodium, and cephapirin sodium), and 1:4 (in case of cefaclor).
Infrared and 1 H-NMR studies
The formation of drug-p-CA charge-transfer complexes was confirmed by both IR and 1 H-NMR spectroscopy techniques. The majority of IR measurements on charge-transfer complexes have concerned shifts in the vibrational frequencies in a donor or acceptor (or both). Decreases in the vibration frequency of a particular band have been used as evidence for a particular site of a charge-transfer interaction. 28 The IR spectra of the complexes show some differences compared with the sum of the spectra of the two components. This was used to distinguish between weak charge-transfer complexes and the products of electron transfer or proton-transfer reactions. 28 The IR spectrum Fig. 1 Absorption spectra of cephapirin sodium, 75 µg ml -1 (1), p-CA, 4 mg ml -1 (2), and their reaction product (3).
of p-CA showed strong bands at 3240, 1661 cm -1 , corresponding to OH and C=O stretching, respectively. These bands were shifted by varying the values in the spectra of the complexes.
The investigated cephalosporins have a number of similar functional groups and, thus their IR spectra showed several common absorption bands, i.e. in the carbonyl region. All of the compounds showed a β-lactam carbonyl band in a range of 1725 -1780 cm -1 . These carbonyl bands were shifted by a 5 -40 cm -1 in the spectra of the complexes compared with the spectra of the drugs alone. For example, the β-lactam carbonyl was shifted from 1752 to 1779, 1725 to 1750, and 1740 to 1780 for cefaclor, cefotaxime sodium, and cephaloridine, respectively.
In 1 H-NMR, generally, the protons of the donor are shifted to a lower field (paramagnetic shift). The 1 H-NMR spectra of the complexes of the investigated drugs with p-CA were recorded in DMSO-d6 together with the spectra of the free drugs. In the 1 H-NMR spectra of the complexes of the investigated cephalosporins, only 6-H and 7-H (but not 2-CH2) were downfield shifted (∆δ = 0.1 -0.25 ppm). As reported in the literature 22, 24, 25 with other compounds of similar β-lactam antibiotics, it could be preliminary suggested that the sulfur atom did not take part in charge-transfer complex formation, and the lactam nitrogen atom was probably the donor center.
Molecular modeling and computational analysis
Molecular modeling was performed in order to study the effect of the multiple physicochemical parameters of each of the investigated drugs on its reactivity with p-CA, and consequently the ultimate sensitivity, expressed as molar absorptivity (ε), of the analytical method developed for that particular drug. The geometries of each drug alone, and its complex with p-CA were fully optimized at full self-consistent field (SCF) levels 29, 30 by using MOPAC; a general molecular orbital package was implemented with molecular mechanics software MMX-PC. 31 Each drug-p-CA complex was minimized, and the minimization parameters were determined. These parameters were the force 285 ANALYTICAL SCIENCES FEBRUARY 2003, VOL. 19 Table 4 Quantitative parameters for the reaction of the studied cephalosporins with p-CA a a. Linear range, n = 6; t-calc. = t-test of the intercept, calculated value for t = 3.182; s 2 b = variance of the slope; LOD = limit of detection; LOQ = limit of quantitation. field (MMXE), stretching energy (STR), bending energy (BND), stretching: bending (SB), torsional energy (TOR), Van der Waals forces (VDW), core-core interaction (DD/QQ), dipole moment (DM), heat of formation (HF), calculated log P (Clog P), pKa, and protein binding (PB). The polar and total surface area in squared A˚ for each drug-p-CA complex were computed to give the parameter of the polar/total surface area (P/T%). The protein binding (PB) and pKa for each drug were taken from the reported data. 32 The calculated log P (Clog P) for each drug was computed by Clog P-PC software. 33 The molar absorpitivity (ε) and drug: p-CA molar ratio (MR) were determined as described above.
The correlation matrix of each of those parameters with the other parameters was computed (Table 7) . A multipleregression analysis was then performed to derive an equation by which a calculated value for ε could be determined. The results are given in Table 8 (Table 6 ) for each drug with the experimental values ( Table 4) .
The calculated values of ε correlated well with those obtained experimentally (Fig. 2) . A linear regression analysis of the results yielded the following equation:
calculated ε = 0.3805 + 0.9997 × experimental ε.
This excellent correlation proved the validity of the proposed computational equation that was derived for calculating the ε value for a particular drug based on its physicochemical and geometric parameters; the excellent multiple-regression coefficient (0.9999) indicated the perfect prediction of the ultimate sensitivity of the assay. The proposed equation was then applied for calculating the ε value of cefuroxime sodium; the value was 8, indicating a very weak interaction with p-CA, and ultimately very poor assay sensitivity. This was in agreement with our experiments, where we were unable to develop an assay method for that compound by the p-CA reagent. Table 7 Correlation matrix for the relation of every minimization parameter with the other parameters 
Conclusions
A simple, rapid and accurate spectrophotometric method was developed for the analysis of fifteen cephalosporins via their reaction with p-CA; the reaction was based on charge-transfer complex formation. The proposed procedure could be applied to quality-control analyses of the investigated cephalosporins. The procedure could also be automated; the ongoing work is directed to develop and validate this system. The formation of charge-transfer complexes, and the sites of interaction were confirmed by UV/VIS, IR, 1 H-NMR techniques. Molecular modeling for the interaction, and a multiple-regression analysis for the physicochemical and geometric parameters were used to derive an equation for calculating the ε value for a particular drug. This equation gave a perfect prediction for the degree of interaction with the p-CA reagent. Fig. 2 Correlation of the experimental ε with the calculated ε ( ) and the error % ( ). The error % was the difference between the experimental and calculated values, expressed as percentages.
